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The Mix/Bix family of paired-like homeobox genes encode evolutionarily conserved, sequence speciﬁc,
DNA-binding transcription factors that have been implicated in the co-ordination of gene expression,
axis formation and cell fate determination during gastrulation in vertebrates. When mutated, these
genes give rise to dramatic phenotypes in amphibians, zebraﬁsh and mice, that can be traced back to
defects in the formation and speciﬁcation of mesoderm and endoderm. We review here the biochemical
properties of the Mix/Bix proteins and summarise genetic, molecular and embryological studies of Mix/
Bix function in mesendoderm development. We emphasise recent data generated using embryonic
stem cell differentiation systems that have provided important new insights into Mix/Bix function and
the biological roles of these proteins in regulating the earliest phases of vertebrate development.
& 2012 Elsevier Inc. All rights reserved.Introduction
During vertebrate development, many important cell fate
decisions are controlled by the homeobox family of transcription
factors. These proteins are characterized by a highly conserved
sixty amino acid dimerisation and DNA binding motif, the home-
odomain (Burglin, 1994; Derelle et al., 2007; Gehring et al., 1994).
Within this group, theMix/Bix sub-family of paired-like homeobox
genes (hereafter abbreviated to the Mix family), conserved
throughout vertebrate development, has been implicated in the
formation and speciﬁcation of the mesoderm and endoderm germ
layers during gastrulation.
TheMix family includes the seven genes present in the pseudo-
tetraploid Xenopus laevis genome (Mix.1, Mix.2, Mix.3/Mixer, Bix1/
Mix.4, Bix.2/Milk, Bix3 and Bix4) (Casey et al., 1999; Ecochard et al.,
1998; Henry and Melton, 1998; Latinkic and Smith, 1999; Mead
et al., 1996, 1998; Rosa, 1989; Tada et al., 1998; Vize, 1996), a
singleMix gene in the axolotl (Swiers et al., 2010), fourMix-related
genes in zebraﬁsh (bon/mixer, mezzo/og9x and the more divergentll rights reserved.
and Stem Cell Laboratories,
rsity, Clayton, Victoria 3800,
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.genes mxtx1 and mxtx2) and one in the chick (CMIX) (Alexander
et al., 1999; Kikuchi et al., 2000; Peale et al., 1998; Poulain and
Lepage, 2002; Stein et al., 1998). As in the chick, only one Mix
homologue is present in all the mammalian genomes examined,
including mouse (Mixl1/Mml/mMix) (Pearce and Evans, 1999; Robb
et al., 2000) and human (MIXL1) (Robb et al., 2000) (Fig. 1).
Here we review the experiments over the past two decades
that have informed our understanding of the role of theMix genes
in early vertebrate development. We describe their patterns of
expression and biochemical properties and highlight the key
signalling pathways controlling Mix expression. Concentrating
on recent published studies, we examine the part that embryonic
stem cell (ESC) differentiation has played in the identiﬁcation of
Mix gene targets and regulatory cofactors. Finally, we discuss the
application of newer genomic and proteomic approaches that in
conjunction with ESC differentiation will be central to future
experiments aimed at better understanding the complex role of
Mix genes in the developing vertebrate embryo.The Mix family genes
Mix genes in Xenopus laevis
A large body of data accumulated over the past two decades
has shed light on the role played by the Mix family of paired-like
L.A. Pereira et al. / Developmental Biology 367 (2012) 163–177164homeobox genes in the formation and speciﬁcation of mesoderm
and endoderm during early development. Mix.1 (Mesoderm
Inducing Factor [MIF]-inducible homeobox), the founding mem-
ber of this family, was originally identiﬁed in Xenopus during ascreen for genes induced during mesoderm differentiation of
animal caps (Rosa, 1989), and subsequently rediscovered as a
molecule involved in mesoderm ventralization (Mead et al.,
1996). Localisation of Mix.1 mRNA during embryogenesis showed
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endoderm (vegetal pole of the blastula) and, to a lesser extent, the
future mesoderm (Rosa, 1989). Mix.1 was rapidly induced in
a dose-dependent manner by conditioned medium from the
Xenopus XTC cell line, the active component of which was denoted
XTC-Mesoderm Inducing Factor (MIF) (Rosa, 1989). Subsequent
puriﬁcation of XTC-MIF revealed that it encoded the Xenopus
Activin A homologue (Smith et al., 1990; van den Eijnden-Van
Raaij et al., 1990). Later studies investigating early transcriptional
responses to signalling of TGFb members including Vg-1, Bone
Morphogenetic Protein 4 (Bmp4) and Activin A identiﬁed a
second, closely related, Mix family member, Mix.2 (Vize, 1996).
Like Mix.1, Mix.2 was zygotically expressed in the vegetal region
of the late blastula and early gastrula in presumptive endoderm
and marginal zone mesoderm. Expression of both genes was
induced by the same mesoderm inducing factors in identical
temporal and spatial patterns (Lemaire et al., 1998; Mead et al.,
1998; Rosa, 1989; Vize, 1996). Two additional members of the
Mix family, Mix.3 and Mix.4 were isolated on the basis of their
ability to gel shift Mix DNA binding sites (Mead et al., 1998). Both
Mix.3 and Mix.4 could form heterodimers with Mix.1. Echoing the
outcome of prior experiments with Mix.1 protein (Lemaire et al.,
1998; Rosa, 1989), ectopic expression of Mix.3 and Mix.4 pro-
moted endoderm formation and patterned mesoderm to a ventral
(hematopoietic) fate (Mead et al., 1998). Consistent with the role
of these genes in endoderm generation,Mix.3 (also denotedMixer;
Mix-like endodermal regulator) was also identiﬁed using a func-
tional screen for endoderm inducing genes from blastula stage
vegetal cells (Henry and Melton, 1998). Mix.3/Mixer expression
was dependant on maternal VegT and nodal related proteins, and
was conﬁned to an 8-hour window during gastrulation (Henry
and Melton, 1998; Xanthos et al., 2002, 2001). Several lines of
evidence supported the notion that Mix.3/Mixer was a key
endodermal determinant. First, Mix.3/Mixer transcripts were loca-
lised exclusively to the prospective endoderm cells of the vegetal
hemisphere in the early gastrula stage embryo, antedating the
appearance of emerging endoderm. Furthermore, injection of
Mix.3/Mixer mRNA into animal cap explants maintained expres-
sion of the key endodermal gene, Sox17, whilst over-expression of
Mix.3/Mixer dominant inhibitory mutants blocked deﬁnitive
endoderm formation (Henry and Melton, 1998).
In addition to the above another family of Mix-related genes,
termed Bix1-4, (Brachyury-inducible homeobox), were isolated
during a search for target genes of the mesoderm-inducing
transcription factor Xbra (Xenopus Brachyury) (Tada et al., 1998).
It transpired that Bix1 was identical to Mix.4 and that Bix2
encoded the same transcription factor as the independently
isolated Mix family member, Milk (Mix-like) (Ecochard et al.,Fig. 1. Domain organisation of Mix/Bix proteins. (A) As with the other Mix/Bix family
amino-terminal region contains a number of conserved proline (Pro) residues, whilst t
three alpha helices (arrows). The carboxy-terminal region contains the signature residu
Mix/Bix proteins. For each protein a scaled cartoon depicts its relative size. The total am
human MIXL1, is shown for the homeodomain (red), sequence N-terminal to the home
The position of the activation domain is shown in yellow. (C) An alignment of the hu
Residues that match with human MIXL1 have been shaded black. The percentage iden
shown above. The black arrows denote eight amino acids characteristic of homeodomain
and the paired homeodomain sequence but generally are not found in other homeodom
(Q50) that inﬂuences DNA sequence binding speciﬁcity (Wilson et al., 1993). *The Hom
Macaca mulatta. (D) A comparison of Mix family carboxy-termimal amino acid sequen
sequence shown is identical to that of Pan troglodytes and Macaca mulatta. (E) Nuclear
with an expression vector encoding mouse Mixl1 stained with anti-Mixl1 monoclonal an
was combined with the detection of cytoplasmic actin with phalloidin-TRITC (Red).
Dynamics. Robb, L., Hartley, L., Begley, C.G., Brodnicki, T.C., Copeland, N.G., Gilbert, D.J
localization of murine and human homologues of a Xenopus gene. Development Dynam
originally published in Stem Cells and Development. Mossman, A.K., Sourris, K., Ng, E., Stan
differentiating mouse and human embryonic stem cells. Stem Cells and Developmen
interpretation of the references to color in this ﬁgure legend, the reader is referred to1998). Consistent with their classiﬁcation as members of the
Mix family, Bix homeobox genes were expressed in the prospec-
tive mesoderm and induced either mesoderm or endoderm in a
dose dependent fashion (Tada et al., 1998). Indeed, Bix2/Milk was
shown to regulate mesendodermal cell fate by acting as an
endoderm inducer and mesoderm repressor (Ecochard et al.,
1998).
The urodele Mix homeobox gene
In contrast to the multiple Mix genes in Xenopus, only a single
Mix gene has been identiﬁed in the urodele genome (Swiers et al.,
2010). Using Ambystoma mexicanum (the axolotl) as a model for
amphibian development, Swiers and colleagues identiﬁed a single
Mix homologue, AxMix, which was ﬁrst expressed in the meso-
derm of the blastopore lip. In subsequent stages of development
AxMix expression was observed in the ventral mesoderm as well
as the endoderm (Swiers et al., 2010). Whilst the expression
domain of AxMix encompassed the expression domains of all the
Xenopus Mix family members, there were signiﬁcant differences
between the two amphibian species. In contrast to Xenopus,
expression of AxMix was required for mesoderm induction since
transcription of AxMix preceded that of AxBra (the axolotl brachy-
ury homologue), injection of AxMix at the 4 cell stage induced
AxBra and embryos in which AxMix expression was downregu-
lated failed to express AxBra, leading to a defect in mesoderm
formation (Swiers et al., 2010). However, similar to other species,
high levels of AxMix expression preferentially upregulated
endodermal genes.
Zebraﬁsh Mix genes
Two partially redundant Mix family members, bon/mixer and
mezzo/og9x, that predominantly inﬂuenced endoderm germ layer
speciﬁcation, were isolated from zebraﬁsh embryos (Alexander
et al., 1999; Kikuchi et al., 2000; Poulain and Lepage, 2002).
Although Bonwas expressed in the presumptive endoderm, unlike
its closest Xenopus homologue, Mixer, bon was also expressed
more broadly in the presumptive mesoderm (Alexander et al.,
1999; Alexander and Stainier, 1999; Henry and Melton, 1998). The
kinetics of expression and the distribution of mezzo transcripts in
the zebraﬁsh embryo were similar to bon, with early expression on
the dorsal side at the sphere stage extending to encompass the
whole marginal region of the blastoderm (from which mesoderm
and endoderm derive) by 50% epiboly. Also similar to bon,
transcription of mezzo was nodal dependent and both genes co
operated with gata5/faust to regulate endoderm formation via themembers, human MIXL1 can be divided into functional regions as indicated. The
he central region incorporates the DNA binding homeodomain (HD) composed of
es of an acidic transcriptional activation domain (AD). (B) Phylogenetic analysis of
ino acid length is listed on the right. The percentage identity, when aligned with
odomain (grey) and sequence C-terminal to the homeodomain (grey and yellow).
man MIXL1 homeodomain amino acid sequence with other Mix-related proteins.
tities are listed on the right. The location of the three predicted alpha helices is
proteins. The amino acids boxed in red are shared between mostMix family genes
ains (Rosa, 1989), the blue arrow denotes the conserved glutamine at position 50
o sapiens homeodomain sequence shown is identical to that of Pan troglodytes and
ces. Acidic residues have been shaded grey. *The Homo sapiens carboxy-termimal
localisation of Mixl1 protein. Immunoﬂuorescent image of COS-7 cells transfected
tibody generated to a carboxy terminal (6G2) peptide. Anti-Mixl1 staining (Green)
Panels C and D are adapted from research originally published in Development
., Jenkins, N.A. and Elefanty, A.G. Cloning, expression analysis, and chromosomal
ics. 2000; 219:497–504. Copyright & 2000 Wiley-Liss, Inc. Panel E is from research
ley, E.G. and Elefanty, A.G. Mixl1 and Oct4 proteins are transiently co-expressed in
t. 2005;14:656-663. Copyright & 2011, Mary Ann Liebert, Inc. publishers. (For
the web version of this article.)
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of sox17 (Poulain and Lepage, 2002).
Two additional zebraﬁsh-speciﬁc paired-like homeobox genes,
mxtx (Mix-type homeobox) 1 and mxtx2, with a lower degree of
homology to the Mix family have been cloned (Fig. 1) (Hirata
et al., 2000). Both genes were expressed in the teleost-speciﬁc
yolk syncytial layer (YSL), a structure analogous to the primitive
endoderm in mammalian embryos that provides inductive signals
for mesoderm and endoderm. Mxtx2 displayed additional sites of
expression in the marginal blastoderm and was regulated by Wnt
signals rather than Nodal, in contrast to other members of theMix
family (Hirata et al., 2000). Interestingly, bon is also expressed in
the YSL and the blastoderm whilst Mixl1 is expressed in the
analogous structures during mouse embryogenesis (Pearce and
Evans, 1999; Robb et al., 2000).
The chick Mix gene
The ﬁrst non-amphibian Mix-like gene to be identiﬁed, CMIX,
was isolated from the early chick embryo (Danilov et al., 1998;
Peale et al., 1998; Stein et al., 1998). CMIX was classiﬁed as a Mix-
like gene on the basis of its homology to other Mix family
members and its expression pattern during early development.
However, its functional relationship with its nearest homologue,
Mix.1, was unclear (Peale et al., 1998). Transcripts were ﬁrst
detected prior to gastrulation in the epiblast and endoderm of the
posterior region of the embryo. Maximal CMIX expression was
observed in primitive streak embryos, with CMIX mRNA levels
rapidly declining coincidently with prechordal mesoderm forma-
tion (Peale et al., 1998; Stein et al., 1998).
The mammalian Mixl1 homeobox genes
The mouseMix.1-like gene (Mixl1, initially calledMml ormMix)
was cloned by two groups utilizing PCR based strategies to screen
cDNA prepared from gastrulating mouse embryos or from differ-
entiated mouse embryonic stem cells (mESCs) (Pearce and Evans,
1999; Robb et al., 2000). The human Mix.1-like gene (MIXL1) was
isolated by screening a human genomic library with oligonucleo-
tides whose sequence was derived from a human EST clone
encoding a Mix-related homeodomain fragment (Robb et al.,
2000). Mixl1 and MIXL1 both comprise two exons and map to
the distal region of chromosome 1 in the mouse and to theMixl1 expression
day 5.5  da
extra-emb
endoderm
mesoderm
ectoderm
epiblast
visceral endoderm
extra-embryonic ectoderm
Fig. 2. Expression of Mixl1 in the developing mouse embryo. Regions of Mixl1 expressio
(B) during gastrulation at day 7.0 in the primitive streak, (C) after gastrulation at day 9.
the reader is referred to the web version of this article.)syntenic region in humans (1q42.13-42.2) (Guo et al., 2002; Robb
et al., 2000; Sahr et al., 2002).
Mixl1 expression in the developing mouse embryo was documen-
ted using in situ hybridisation and RT-PCR analysis (Pearce and Evans,
1999; Robb et al., 2000). At embryonic day 5.5 (E5.5), expression was
detected circumferentially in the proximal visceral endoderm (Fig. 2)
before localising to the posterior epiblast in the newly forming
primitive streak. In the mid- to late-streak embryo, strong expression
was observed along the length of the primitive streak, with down
regulation in migrating nascent mesendoderm (Fig. 2). Mixl1 protein
expression in the primitive streak was conﬁrmed by labelling E7
embryos with an anti-Mixl1 monoclonal antibody (Mossman et al.,
2005). At the head-fold stage (E8.0), Mixl1 expression remained
restricted to the caudal primitive streak and residualMixl1 expression
was observed inmesoderm associated with the developing hindgut in
early somite stage embryos (Mohn et al., 2003). The latest expression
of Mixl1 was seen in the tail bud between E9.5–11.5 (Pearce and
Evans, 1999; Robb et al., 2000) (Fig. 2).
In summary, consistent with their postulated role in mesen-
doderm formation, Mix-related genes from all vertebrate species
are expressed in the primitive streak or its equivalent. Thus,
whilst only modest sequence similarity exists between mouse,
chick, zebraﬁsh, axolotl and frog Mix genes outside the home-
odomain (Fig. 1), there are strong parallels in their expression
patterns suggesting functional homology. It is notable that Mixl1
expression has not been detected in any adult mouse tissues
(Robb et al., 2000). In one study, human MIXL1 expression was
reported in adult hematopoietic cells (Guo et al., 2002), but others
have not corroborated this result. Similarly, MIXL1 expression has
also been described in T- and B-cell non-Hodgkin’s and Hodgkin’s
lymphomas and in human hepatoblastoma HepG2 cells (Drakos
et al., 2007; Mizutani et al., 2011).Structure and function of Mix family proteins
The Mix family proteins range from 210 to 401 amino acids
in length, with the mammalian homologues having a shorter
carboxy-terminal domain. Based on sequence homology, three
distinct domains within Mix proteins can be identiﬁed: the
amino- and carboxy terminal domains and a more highly con-
served homeodomain region (Fig. 1A).tail bud
y 7.0  day 9.5
ryonic tissues
primitive streak
n are marked in green (A) prior to gastrulation at day 5.5 in the visceral endoderm,
5 in the tail bud. (For interpretation of the references to color in this ﬁgure legend,
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The amino-terminal domain shows weak homology between
mammalian and lower vertebrate Mix proteins (Fig. 1B) and to
date, few analyses have been undertaken to elucidate the role of
this region. Analysis of the human MIXL1 protein suggests that a
unique tyrosine residue at position 20 can be phosphorylated
although this residue is not conserved in mouse Mixl1 and the
functional consequence of this modiﬁcation in human MIXL1
remains unexplored (Guo and Nagarajan, 2006). In silico analyses
indicate that this region is rich in proline residues suggesting a
possible function in transcriptional regulation, protein–protein
interactions or regulation of phosphorylation status (Guo and
Nagarajan, 2006; Sahr et al., 2002). Notably, this region does not
share homology with the proline-rich domains identiﬁed in other,
unrelated proteins (Sahr et al., 2002).
The homeodomain
A hallmark of the Mix family proteins is the presence of the
homeodomain (HD), a conserved 60 amino acid dimerisation and
DNA binding motif (Fig. 1C), whose presence is consistent with
data showing that Mix proteins are nuclear localised DNA binding
transcription factors (Doherty et al., 2006; Lim et al., 2009; Mead
et al., 1998; Mohn et al., 2003; Mossman et al., 2005; Trindade
et al., 2003; Zhang et al., 2009) (Fig. 1E).
The primary sequence of the Mix HD is most closely related to
the paired-like (prd-like) class of non-clustered homeobox genes
(Peale et al., 1998; Pearce and Evans, 1999; Robb et al., 2000;
Robb and Tam, 2004; Sahr et al., 2002; Tada et al., 1998). While
paired genes contain an additional DNA-binding region known as
the paired domain, genes in the paired-like class lack this second
DNA-binding domain. Mix.1 contains a HD most closely related to
the drosophila paired HD, with which it shares a 56% identity
(Rosa, 1989).
As implied above, comparison of Mix proteins shows that the
area of greatest sequence conservation is conﬁned to the HD
(Fig. 1B and C). For example, Mix.1 and Mix.2 have identical HDs
while the HDs of Mix.1 and Mix.3 are 85% identical (Doherty et al.,
2006; Vize, 1996). Zebraﬁsh Mixer and Xenopus Mixer HDs share
58% identity and the CMIX shares 72% amino acid identity to the
HD of Xenopus Mix.1. Similarly, the predicted amino acid
sequences of the human MIXL1 and mouse Mixl1 genes are 95%
identical within the HD, compared with 52% in the amino
terminal and only 16% in the carboxy terminal regions (Fig. 1B
and C) (Robb et al., 2000). The HD of human MIXL1 shares 85%
identity with the corresponding domain of Ambystoma mexicanum
(the axolotl) and 78% amino acid identity with the HD of avian
CMIX, but is more distantly related to the HDs encoded by genes
from zebraﬁsh (55–70% identity), and Xenopus laevis (57–65%
identity) (Fig. 1B and C) (Robb et al., 2000). Phylogenetic analysis
also suggests that the mouse and chick Mix proteins are more
closely related to a common ancestor of the Xenopus laevis Mix/Bix
family than to one speciﬁc member of the family (Fig. 1B and C)
(Pearce and Evans, 1999).
DNA binding activity
PCR-based binding site selection experiments with Xenopus
Mix.1 identiﬁed the preferred binding site as a palindrome
composed of two consensus homeodomain TAAT half sites
separated by three nucleotides, TAATYNRATTA, forming a bipar-
tite ‘P3’ recognition sequence (Wilson et al., 1993). Electrophore-
tic mobility shift assays (EMSAs) indicated that Mix.1
preferentially bound this sequence as a dimer (Wilson et al.,
1993). This study also demonstrated that the spacing between thehalf sites was an important determinant for Mix.1 DNA binding
and that the sequence speciﬁcity was inﬂuenced by a highly
conserved glutamine residue (Q50) within helix3 (Fig. 1C)
(Wilson et al., 1993). Since all Mix family HD proteins retain
glutamine at position 50 (Fig. 1C), all are predicted to preferen-
tially bind the TAAT/ATTA palindrome. Indeed, Xenopus Bix3 and
Mix.3 have also been shown to bind to the P3 recognition
sequence (Doherty et al., 2006; Trindade et al., 2003). Interest-
ingly, binding site analysis for the zebraﬁsh Mxtx2 protein
suggests preferential binding to a modiﬁed P3 recognition
sequence, TGATnnnATCA (Xu et al., 2012).
DNA target sequences for mouse Mixl1 have been charac-
terised in more detail. While Mixl1 dimers bound the canonical
P3 sequence (Lim et al., 2009; Sahr et al., 2002), PCR-based
binding site selection experiments and EMSA analyses indicated
a broader spectrum of potential recognition sequences (Lim et al.,
2009; Zhang et al., 2009). These sequences were still based on the
P3 framework but disclosed variations in the sequence of the
three base pair spacer. For example recombinant Mixl1 bound the
TAATTARATTA sequence in addition to the TAATAAGATTA and
TAATTTCATTA sequences located within the promoter of the Gsc
gene (Lim et al., 2009; Zhang et al., 2009). Recently, our laboratory
has identiﬁed ATTA containing sequences within the Pdgfra
promoter that support Mixl1 DNA binding activity (Pereira
et al., 2012). These sites include AAATGATTA (up-ATTA element)
and the previously described ATTGAATCAATTA (par-ATTA ele-
ment) (Joosten et al., 2002; Pereira et al., 2012). These sites
diverge signiﬁcantly from the P3 framework suggesting that the
Mix proteins may engage with a much wider range of sequences
than previously appreciated. It is likely that the variation in the
composition of these binding sites reﬂects low or high afﬁnity
binding sites that could potentially modulate the transcriptional
activity of Mixl1 in a variety of developmental contexts (Pereira
et al., 2012; Zhang et al., 2009).
The carboxy terminal region and transactivation function
The carboxy terminal regions of the Mix family members
contain highly conserved strings of polar/acidic residues that, in
some cases, have been shown to be required for these proteins to
function as transcriptional activators (Fig. 1D) (Doherty et al.,
2006; Germain et al., 2000; Latinkic and Smith, 1999; Lim et al.,
2009; Mead et al., 1996; Pearce and Evans, 1999; Robb et al.,
2000; Sahr et al., 2002; Tada et al., 1998; Trindade et al., 2003;
Zhang et al., 2009). The structure and function of the carboxy
terminal domain has been most closely examined in Mixl1.
Structural modelling of the Mixl1 sequence indicated that this
region could form an amphipathic helix and reporter gene
analyses in yeast and mammalian cells showed that both the
full-length Mixl1 protein or the HD plus the entire carboxy
terminus activated transcription from a heterologous reporter
gene (Lim et al., 2009; Sahr et al., 2002; Zhang et al., 2009) (LP,
AGE, EGS, unpublished observations). Similarly, domain-mapping
experiments in Bix1 and Bix3 showed that both proteins were
activators of transcription and that this activity resided in their
carboxy terminal region (Trindade et al., 2003). In the case of
Bix1, deletion of regions outside the carboxy domain also atte-
nuated transactivation (Trindade et al., 2003). Collectively, these
observations suggest that Mixl1 and Bix1 may contain a further
activation domain outside the carboxy terminus. Interestingly,
the presence of at least two distinct transactivation domains is a
feature often found in other homeodomain proteins including
Nanog and Oct4 (Pan et al., 2002; Pan and Pei, 2003).
Recent data suggest that regions upstream of the carboxy
domain are required for its function in a protein speciﬁc manner.
Doherty and colleagues generated domain swap mutants between
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Fig. 3. Cell lineage relationships in the mammalian embryo and their regulation
by the BMP and Activin/nodal signaling pathways and the Mixl1 transcription
factor. The colour scheme reﬂects the graded BMP/nodal signalling along
the primitive streak that induces and patterns mesoderm and endoderm.
Activation of BMP or Activin receptors leads to phopshorylation and nuclear
translocation of heterodimeric Smad proteins that form activating complexes on
the Mixl1 promoter in combination with proteins including FoxH1 or FoxH3. The
inclusion of Eomes in these complexes is not yet conﬁrmed.
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animal cap assays for their endoderm inducing ability (Doherty
et al., 2006). Their results demonstrated that the Mix.3/Mixer carboxy
terminal domain of 62 amino acids was required together with its
ﬂanking HD in order to induce endoderm (Doherty et al., 2006).
Trindade and colleagues also described a novel function of thecarboxy terminus in regulating a pro-apoptotic activity of Bix1 and
Bix3 (Trindade et al., 2003). They identiﬁed an apoptosis-inducing
activity in Bix1 that was repressed by its 25 most carboxy terminal
amino acids. This inhibitory activity mapped to a threonine residue at
position 384 (Trindade et al., 2003). Strikingly, this repressive
property was not shared with the carboxy terminal region of Bix3,
which contains an alanine at the equivalent position (Trindade et al.,
2003). Recently, Mead and co-workers demonstrated that cyclin
dependent kinase 9 (Cdk9) directly interacts with the carboxy
terminus of Mix.3/Mixer, with the interaction domain localised to
amino acids 227–249 of Mix.3/Mixer (Zhu et al., 2009). Using whole
embryo transcription assays and animal pole explant experiments,
the authors proposed that the interaction of Cdk9 with the carboxy
terminus of Mix.3 may serve to modulate the transcriptional activity
of Mix.3 during early development through the recruitment of
different cyclin partners (Zhu et al., 2009). However, given the poor
conservation of regions outside the homeodomain of Mix family
members, it is unclear if attributes such as binding of cyclin
dependent kinases will be a general property of the family as
a whole.Molecular mechanisms controlling Mix gene expression
The molecular requirements for the expression of Mix genes
have been extensively studied in frog, ﬁsh and mammalian
development. Collectively these studies have established a role
for TGFb family ligands and T-box transcription factors in regulat-
ing the expression of Mix genes during early development (Fig. 3).
Nodal/Activin signaling and Mix/Bix expression
The Nodal/Activin pathway plays a central role in the induc-
tion of mesoderm and endoderm (Conlon et al., 1994; Lowe et al.,
2001; Schier, 2003; Shen, 2007). Studies in the frog, zebraﬁsh and
mouse suggest that, in most cases, Mix genes act downstream of
Nodal/Activin signaling to induce mesoderm and endoderm (Chen
et al., 1997; Hart et al., 2002; Poulain and Lepage, 2002; Shen,
2007). In Xenopus, Mix.1 expression was rapidly induced in the
embryo by Nodal/Activin in the presence of bFGF (LaBonne and
Whitman, 1994; Rosa, 1989). Induction by these secreted factors
was most likely mediated by an Activin response element (ARE)
within the Mix.1 promoter that was both necessary and sufﬁcient
for Mix.1 activation (Huang et al., 1995). Furthermore, Nodal/
Activin like signaling was also required for induction of Xenopus
Mix.2, Mix.3/Mixer and zebraﬁsh bon/mixer and mezzo/og9x
(Alexander and Stainier, 1999; Chen et al., 1996; Henry and
Melton, 1998; Kikuchi et al., 2000; Poulain and Lepage, 2002;
Russ et al., 2000; Trinh et al., 2003). Expression of zebraﬁsh mxtx1
and mxtx2 was independent of nodal signaling, however, provid-
ing a key functional distinction between these and the remaining
Mix family members (Hirata et al., 2000). Since Nodal/Activin
signaling is required for primitive streak development in the
mouse embryo (Conlon et al., 1994), it is not surprising that
blocking Nodal signaling in differentiating mouse or human
embryonic stem cells prevents mesoderm and endoderm differ-
entiation and blocks expression of Mixl1 (Gadue et al., 2006;
Jackson et al., 2010).
Bmp signaling and Mix expression
Several studies have shown that the Mix-related genes can be
induced by TGFb family ligands belonging to the bonemorphogenetic
protein (Bmp) family including Bmp4. The Xenopus Bmp4 homologue
is expressed in the marginal zone in the early gastrula where it
speciﬁes ventral mesoderm and suppresses dorsal and anterior cell
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1997). During gastrulation, bothMix.1 and Bmp4 are expressed in the
ventral region of the Xenopus embryo (Mead et al., 1996). A link
between Bmp4 signaling and Mix.1 was suggested by experiments in
which injection of RNA encoding Mix.1 or Bmp4 into frog embryos
produced ventral phenotypes (Mead et al., 1996). Furthermore, Mix.1
was induced in animal pole cells ectopically expressing Bmp4 (Dale
and Jones, 1999; Mead et al., 1996; Rosa, 1989). In other experiments,
a dominant negativeMix.1mutant homeoprotein (M11) defective for
DNA binding was shown to antagonize Bmp4 induced ventralization,
suggesting that the defective Mix.1 protein could block Bmp signaling
(Mead et al., 1996). Collectively, these results placed Mix.1 down-
stream of Bmp4 signaling and established a link between extracellular
signals, transcription factor activity and ventral patterning of
mesoderm.
Smad and Fox transcription factors and the control of Mix expression
Signal transduction through the TGFb, Bmp and Nodal/Activin
pathways is mediated by Smad and winged-helix/forkhead box (Fox)
transcription factor families. Nuclear localised heterodimers of phos-
phorylated Smad proteins are recruited to target promoters by the
DNA-binding proteins FoxH1 (Fast1) and FoxH3 (Fig. 3) (Attisano and
Wrana, 2002; Feng and Derynck, 2005; Massague et al., 2005).
Analysis of the ARE within the Mix.2 promoter identiﬁed two
complexes, Activin Response Factors 1 and 2 (ARF-1 and -2), that
bound this region and initiated transcription of Mix.2 in response
to Activin family ligands (Howell et al., 2002; Howell et al., 1999;
Huang et al., 1995). Both complexes were shown to contain Smad
molecules and members of the Fox family (Chen et al., 1996; Chen
et al., 1997; Howell et al., 2002).
Similarly, examination of the upstream promoter region of
mouse and human Mixl1 promoters revealed conserved binding
sites for FoxH1 and Smad proteins, suggesting a role for these
factors in regulating Mixl1 gene expression (Hart et al., 2005; Izzi
et al., 2007; Mizutani et al., 2011; Sahr et al., 2002). Consistent
with this idea, reporter gene experiments in mammalian cells
have demonstrated that FoxH1 and Smad proteins bind the Mixl1
promoter and collaborate to mediate Nodal-dependent signaling
(Hart et al., 2005). These ﬁndings are consistent with the observa-
tion that the expression of FoxH1 and Mixl1 overlap during
mouse development and that both Bmp4 and Activin are able to
induce Mixl1 expression in differentiating mouse and human
embryonic stem cell (ESCs) (Davis et al., 2008; Hart et al., 2002;
Ng et al., 2005; Weisberg et al., 1998).
Recent studies have examined the mechanism whereby Smad
proteins gain access to the ARE within the Mixl1 promoter
(Xi et al., 2011). Applying ChIP approaches in embryonic stem
cells, the authors established that Nodal signalling triggered the
formation of companion TRIM33–SMAD2/3 and Smad4–Smad2/3
complexes (Xi et al., 2011). In a poised state, the Mixl1 promoter
is characterised by the histone H3K9me3 mark that provides a
binding site for the chromatin compacting factor, heterochroma-
tin protein1 (HP1). In response to nodal signalling during mesen-
dodermal differentiation, TRIM33–SMAD2/3 binds H3K9me3
marked histones displacing HP1 bound to this region. This event
enables the access of the Smad4–Smad2/3 complex to the nearby
ARE, activating Mixl1. Thus through the cooperation of the two
Smad complexes, nodal signalling switches the Mixl1 promoter
from a poised to activated state, committing cells to a mesendo-
dermal fate (Xi et al., 2011).
In experiments with the hepatoblastoma cell line HepG2, the
liver speciﬁc factor HNF4a was also shown to bind the MIXL1
promoter and mediate the recruitment of Smad proteins during
the induction of MIXL1 after TGF-b stimulation (Mizutani et al.,
2011). A functional relationship between HNF4a, Smad proteinsand TGF-b mediated MIXL1 induction was not examined in a
developmental context, but interestingly HNF4a activity appears
to overlap with Mixl1. Like Mixl1, HNF4a is expressed in the
visceral endoderm before gastrulation and also regulates differ-
entiation of mesoderm. Similar toMixl1 null embryos, HNF4a null
embryos show defects in endoderm development (Chen et al.,
1994; Mizutani et al., 2011).
While the above studies highlight a positive role for Smad and
Fox factors in promoting Mixl1 expression, recent evidence
suggests that these factors may also dampen Mixl1 expression
during early development. FoxH1-null embryos display expanded
and enhanced Mixl1 expression, suggesting that FoxH1 is not
required for initial Mixl1 induction (Izzi et al., 2007). This
observation is consistent with previous studies in Xenopus show-
ing that reduction of FoxH1 or the related protein, FAST3, by
morpholinos did not signiﬁcantly affect Mix.1, Mix.2 or Mix.3/
Mixer expression (Howell et al., 2002; Kofron et al., 2004). Using a
combination of biochemical and embryological analyses, Izzi et al.
suggested that FoxH1 downregulated established Mixl1 transcrip-
tion by associating with the HD protein Gsc (Izzi et al., 2007).
T-box transcription factors and the control of Mix expression
The T-box (Tbx) genes encode a large family of transcription
factors deﬁned by a highly conserved DNA-binding domain called
the T-box. In a similar fashion to members of the Mix family, the
T-box genes play an important role in the regulation of germ layer
induction and its subsequent patterning (Smith, 2001; Wardle
and Papaioannou, 2008).
As noted above, the Bix genes were originally identiﬁed as
targets of the T-box factor Xbra (Tada et al., 1998). However, their
initial expression was not dependent on the presence of Xbra
(Tada et al., 1998). Instead, Bix2/Milk, Bix3 and Bix4 may be
induced by the maternal transcription factor, VegT, a T-box factor
related to Xbra (Casey et al., 1999; Germain et al., 2000; Zhang
and King, 1996). In the case of Bix4, depletion of VegT transcripts
prevented Bix4 expression (Casey et al., 1999).
It has also been suggested that some Mix genes may be direct
targets of the T-box factor, Eomesodermin (Eomes) (Fig. 3). Eomes
is essential for trophoblast development and gastrulation in the
mouse, with embryos lacking Eomes arresting at the blastocyst
stage (Russ et al., 2000). More recent dissection of Eomes function
in the mouse revealed that Eomes was required for epithelial–
mesenchymal transition and subsequently for speciﬁcation of
cranial and cardiac mesoderm and more anterior primitive streak
derivatives that encompass deﬁnitive endoderm, node and noto-
chord (Arnold et al., 2008; Costello et al., 2011). By analogy,
depletion of eomes in zebraﬁsh severely inhibited epiboly, the
morphogenetic movements accompanying gastrulation in which
the blastoderm thins and spreads over the surface of the yolk ball
(Bruce et al., 2005). Importantly, this function of eomes is
accomplished via regulation of the mxtx2 expression in the
blastoderm, since knocking down mxtx2 also disrupts epiboly
(Bruce et al., 2005). In contrast, expression of mxtx2 in the YSL, a
tissue in which eomes is not expressed, is regulated by nanog-like
(Xu et al., 2012). In other species, the expression domain of Mix
related genes during gastrulation also overlaps that of Eomes
(Izumi et al., 2007; Ryan et al., 1996). Furthermore, Eomes mRNA
injection into Xenopus animal caps activates Mix.1 expression
(Ryan et al., 1996) whilst mouse Mixl1 expression is lost in
chimeric embryos lacking Eomes (Russ et al., 2000). Consistent
with the possibility that Mix genes are direct targets of Eomes,
RNAi mediated knockdown of Eomes during ES cell differentiation
suppressed expression of Mixl1 (Izumi et al., 2007). Interestingly,
these studies also demonstrated that over-expression of Mixl1
could rescue phenotypes induced by reduced Eomes expression.
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The Xenopus and zebraﬁsh Mix factors and mesendoderm formation
A puzzling aspect of the Mix/Bix family has been its expansion
in Xenopus laevis, (even taking its pseudotetraploid genome into
account) and in zebraﬁsh. Why Xenopus laevis and zebraﬁsh
express multiple Mix/Bix genes remains unknown and the difﬁ-
culty in understanding the function of this gene family during
development has been compounded by the need to decipher the
individual and combinatorial roles that the multiple family
members play. Experiments addressing this issue have involved
misexpression of Mix/Bix factors, their inhibitory forms or inacti-
vating morpholinos.
It was the misexpression of Mix factors in Xenopus that ﬁrst
implicated these proteins as regulators of cell fate during gas-
trulation. Injection of Mix.1 RNA into dorsal blastomeres resulted
in the ventralisation of the embryo, characterised by loss of head
structures and increased blood formation (Mead et al., 1998).
Conversely, embryos injected with a dominant negative Mix.1
mutant underwent elongation and displayed reduced blood for-
mation, characteristic of increased dorsalisation. Thus, although
Mix.1 by itself was insufﬁcient for mesoderm induction in the
frog, it patterned nascent mesoderm in a dose dependent manner
(Mead et al., 1998). Consistent with this role, more recent studies
in Xenopus demonstrated that both Mix.1 and Mix.2 pattern
lateral mesoderm by modulating the expression of FGF3, 4 and 8
(Colas et al., 2008).
While these studies suggest that Mix factors are required for
mesoderm patterning, conﬂicting studies suggested that the
major developmental role for Mix.1 lay in endoderm formation
and head development (Latinkic and Smith, 1999; Lemaire et al.,
1998). Embryos injected with RNA encoding antisense Mix.1
developed dorsoanterior deformities, ranging from mild cyclopia
to complete loss of the head (Latinkic and Smith, 1999). It is
unclear if these effects were direct or secondary, resulting from
defective formation of gut endoderm and/or cardiac mesoderm
associated with loss of Mix.1 activity. In addition, overexpression
of Mix.1 in the marginal zone repressed dorsal and ventral
mesoderm and, together with the transcription factor Siamois,
promoted endoderm expansion (Lemaire et al., 1998). Further-
more, overexpression of a chimeric protein formed by fusing the
homeodomain of Mix.1 protein with the repressor domain of
Drosophila Engrailed (Mix.1-EnR) caused defective endoderm for-
mation. The posterior endoderm was particularly affected, result-
ing in reductions in the size of the gut and an inhibition of normal
gut coiling (Lemaire et al., 1998).
Similar studies also suggested a role for other Mix family
members in the induction of endoderm in Xenopus embryos. Over
expression of Mix.3/Mixer upregulated Sox17 and Endodermin
(Edd) and enforced expression of a Mix.3/ Engrailed repressor
chimera (Mix.3-EnR) blocked endoderm development and led to a
loss of head structures and gut defects (Henry and Melton, 1998).
In addition, Mix.3/Mixer antisense morpholino knockdown studies
showed decreased expression of Sox17a, Gata-5 and Endodermin,
further supporting a role for Mix.3/Mixer in endoderm develop-
ment (Kofron et al., 2004). Bix2/milk also appears to be required
for the spatial control of endodermal speciﬁcation by repressing
mesoderm formation and promoting endoderm (Ecochard et al.,
1998). Interestingly, Bix1/Mix.4 and Bix4 displayed dose depen-
dent effects, with high-level expression patterning endoderm to
express genes such as Sox17 and expression at lower levels
patterning ventral mesoderm to express genes such as Xvent1
(Casey et al., 1999; Mead et al., 1996; Tada et al., 1998).
In zebraﬁsh the Mix family members bon and mezzo have been
proposed to play important roles in endoderm formation. Analysisof the bon mutants revealed that substantially fewer sox17-
expressing endodermal precursors were formed during gastrula-
tion, and that, at later time points, the gut tube was almost
entirely absent (Kikuchi et al., 2000). Moreover, overexpression of
bon in zebraﬁsh lacking the nodal co-factor oep (one-eyed pin-
head, the homologue of mammalian cripto), resulted in an
increase in the number of Sox17 and axial-expressing endodermal
precursors (Alexander et al., 1999). These ﬁndings indicated that
bon, by itself or in combination with co-factors, regulates the
initial formation of endodermal precursors in the zebraﬁsh and
acts downstream of nodal (activin) signaling.
Subsequent studies identiﬁed mezzo as one such co-factor that
could be induced by nodal signaling and act in parallel with bon to
specify endoderm in zebraﬁsh (Poulain and Lepage, 2002). A role
for mezzo in endoderm formation was suggested by the observa-
tion that mezzo was expressed transiently in endoderm precur-
sors and that overexpression of mezzo mRNA induced expression
of sox32/cas and sox17 (Poulain and Lepage, 2002). Moreover,
injection of mezzo-morpholinos into bon mutants abolished resi-
dual sox17 expression while injection of mezzo RNA into bon
mutants partially restored expression of endodermal gene mar-
kers and rescued defects in endoderm development including
associated defects in heart development (Poulain and Lepage,
2002). Collectively, these studies suggested a model for endoderm
development in which mezzo together with bon acted as immedi-
ate early target genes of Nodal signaling and, together with gata5/
faust, established expression of sox32/cas—a major inducer of
sox17 expression.
While mezzo may function in parallel with bon in endoderm
formation, it differs in that it may also participate in mesoderm
development (Poulain and Lepage, 2002). In some embryos in
which mezzo RNA was injected into one blastomere at the 8 cell
stage, an increased expression domain of the Brachyury homo-
logue, ntl, was observed, although in other embryos high levels
of mezzo inhibited ntl expression. Mesoderm inducing activity
was clearly identiﬁed by transiently mis-expressing mezzo in
the region of the embryo containing ectodermal progenitors,
observing that mezzo induced the pan mesodermal marker
gene ntl (Poulain and Lepage, 2002). In addition, inhibition of
mezzo in a bon mutant background inhibited goosecoid expression
and reduced prechordal plate mesoderm (Poulain and Lepage,
2002).
Mxtx1, which is expressed exclusively in the zebraﬁsh YSL, has
been discovered to play a key role in myocardial migration via
regulation of the expression of the extracellular matrix (ECM)
protein ﬁbronectin (Sakaguchi et al., 2006). The underlying
molecular mechanism was recently unravelled, with the ﬁnding
that a target of mxtx1 is atp1a1, an isoform of the Naþ ,Kþ ATPase
alpha subunit that regulates ﬁbronectin in the ECM surrounding
the developing myocardium (Langenbacher et al., 2012).
Recent studies have also identiﬁed a pivotal role for mxtx2 in
mesoderm and endoderm formation in zebraﬁsh. Depletion of
mxtx2 by morpholinos disrupts epiboly, the gastrulation move-
ments occurring in the zebraﬁsh embryo (Bruce et al., 2005).
Closer examination of mxtx2 knockdown blastulas revealed a
reduction in nodal related genes (ndr1 and ndr2), the endoderm
markers sox32/cas and gata5/faust and the mesoderm marker ntl
(the zebraﬁsh brachyury homologue) (Hong et al., 2011). These
authors determined that mxtx2 directly regulated ndr2 to regulate
endoderm and anterior mesoderm formation and synergised with
ndr1 from maternal and YSL to induce ntl and thus posterior
mesoderm. Their studies led to a model in which mesendoderm
induction is initiated by extra embryonic nodal signals, both
maternal and mxtx2-regulated, in the YSL. The nodal signals are
further ampliﬁed in the embryo through feedback loops involving
embryonic ndr genes (Hong et al., 2011).
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and colleagues in the laboratory of Leonard Zon discovered that the
zebraﬁsh nanog-like gene upregulated expression of mxtx2, which
was both necessary and sufﬁcient for YSL induction and the
generation of the extraembryonic nodal signals required for
endoderm induction (Xu et al., 2012). They extended the ﬁndings
of Hong and colleagues, using ChIP-Seq analysis to reveal that
Mxtx2 bound to (and therefore potentially regulated) 43.6% of YSL
genes (Xu et al., 2012). Analysis of binding regions suggested that
Mxtx2 bound DNA as a dimer to palindromic half sites separated
by a three nucleotide spacer (TGATnnnATCA), reminiscent of the P3
consensus site bound by other Mix genes (discussed below). The
unique role of mxtx2 in regulating nodal genes is in contradistinc-
tion to other Mix genes that are downsteam of nodal signalling.
The urodele Mix homeobox gene and mesendoderm formation
The above studies have highlighted the sub-functionalisation
and overlap of theMix genes in Xenopus and zebraﬁsh that has led
to a clouding of their speciﬁc roles during germ layer formation.
While these studies have established the Mix genes as key
regulators of endoderm it is clear that these genes are also
required for mesoderm development and in some cases partici-
pate in the formation of both germ layers. The inability to
knockdown all Mix gene function due to the presence of multiple
Mix members obscures our understanding of their role during
induction of mesoderm and endoderm in frogs and ﬁsh. The
absolute requirement for individual Mix genes in endoderm or
mesoderm formation is also obscured by the partial redundancy
in function displayed by several family members, their dynamic
and over-lapping expression domains, differences in expression
levels and a capacity to form functional heterodimers in vivo.
In order to address these issues, Swiers and colleagues, sought to
identify a single Mix homologue within the amphibian system to
use as a tool to investigate the role of Mix in the formation of
mesoderm and endoderm. Using the axolotl as a model organism,
they identiﬁed AxMix, and the subsequent dissection of its function
has helped describe the role of the Mix genes in mesoderm
formation (Swiers et al., 2010). Morpholino knockdown of AxMix
and AxNodal demonstrated that, in contrast to Xenopus, a single
nodal gene induced AxMix and that both factors acted together to
specify mesoderm (Swiers et al., 2010). In animal cap assays, a block
to mesoderm induction by AxMix morpholinos could be rescued by
AxMix overexpression (Swiers et al., 2010). Again in contrast to
Xenopus, AxMix was shown to genetically interact with Brachyury in
a pathway that leads to mesoderm formation (Swiers et al., 2010).
This study raised the proposition that this relationship represented
a simpliﬁed Mix regulatory network that was more highly con-
served in mammals than in Xenopus (Swiers et al., 2010).
Mammalian Mixl1 and mesendoderm formation
Mixl1 plays an important role in the generation of mesoderm
and endoderm in the mouse embryo. Gene-targeting of Mixl1 has
revealed that it is a crucial regulator of axial patterning and
morphogenesis (Hart et al., 2002). Mixl1-null embryos developed
an enlarged primitive streak with an accumulation of cells that
expressed Brachyury and Nodal. Slightly older embryos displayed
aberrant somitogenesis and gut tube development and failed to
form a heart, resulting in death by E8.5. However, the abnormal
development of mesodermal tissues seen in Mixl1-null embryos
was non-cell autonomous, because Mixl1/ cells normally colo-
nised all tissues in chimeric mouse embryos with the exception of
gut endoderm. Consistent with this primary endoderm defect,
Mixl1-null embryos displayed a reduction in the frequency of
Sox17 and Cer-l expressing cells (Hart et al., 2002). However,unlike the zebraﬁsh mxtx2 gene whose expression in the YSL is
sufﬁcient to induce ndr genes and an endoderm program, chimera
experiments demonstrated that expression ofMixl1 in the visceral
endoderm of the mouse embryo was insufﬁcient to rescue the
Mixl1-null phenotype and that chimeras that lacked Mixl1 solely
in the visceral endoderm developed normally (Hart et al., 2002).
The cell autonomous deﬁciency in endoderm formation in Mixl1-
null embryos was conﬁrmed in transplantation experiments, in
which anterior primitive streak cells from Mixl1/ embryos
transplanted orthotopically into wild-type host embryos dis-
played reduced endoderm formation and preferentially contrib-
uted to mesodermal lineages (Tam et al., 2007). Perhaps as a
consequence of the reduced endoderm recruitment, those endo-
derm cells in Mixl1/ embryos overlying the primitive streak
remained static, failing to migrate even with the stimulus pro-
vided by the expansion of the underlying mesoderm (Tam et al.,
2007). In this context, it is noteworthy that Xenopus Mix.1 has
been identiﬁed as an essential factor that regulates cell polarity
and migration during gastrulation (Luu et al., 2008).
Embryonic stem cells (ESCs) as a model for studying Mix function
ESCs are continuously growing, diploid, pluripotent cell lines
derived from the inner cell mass of blastocyst stage embryos
(Evans and Kaufman, 1981) (Martin, 1981). In vitro, mouse
(m) and human (h) ESCs in suspension cultures differentiate into
spheroid structures termed embryoid bodies (EBs) that can con-
tain cells from all three germ layers in response to appropriate
growth factor stimulation (Gadue et al., 2006; Keller, 2005; Keller,
1995). For example, treatment of ESCs with mesendoderm indu-
cing factors contained in serum or in serum free cultures supple-
mented with BMP4, Wnt3A and/or Activin A promoted the
differentiation of ESCs towards endodermal and mesodermal cell
types (D’Amour et al., 2005; Davis et al., 2008; Gadue et al., 2006;
Jackson et al., 2010; Keller, 2005; Kennedy et al., 2007; Ng et al.,
2005; Park et al., 2004; Pick et al., 2007; Tada et al., 2005). Gene
expression analysis of differentiating EBs suggested that they
recapitulated many of the molecular changes associated with
early stages of embryogenesis. There was initially a gradual down
regulation of stem cell genes such as Oct4 and Rex1 and increased
expression of Fgf5, which marks the epiblast in the mouse embryo
(Haub and Goldfarb, 1991; Hebert et al., 1991; Hirst et al., 2006).
Subsequently, transient expression of genes including Mixl1,
Brachyury and Gsc was observed, consistent with passage of the
differentiating EBs through a primitive streak-like stage (Blum
et al., 1992; Davis et al., 2008; Hirst et al., 2006; Ng et al., 2005;
Pearce and Evans, 1999; Robb et al., 2000; Wilkinson et al., 1990;
Blum et al., 1992 #116). Expression of genes including bH1 globin,
Flk1 and Sox17 was then observed, indicative of early mesoderm
and endoderm development (Hirst et al., 2006; Ng et al., 2005).
Collectively these studies validated the differentiation of ESCs as a
valuable model system for investigating the molecular events
underlying germ layer induction and patterning.
Several studies have used differentiating mESCs and hESCs to
examine the function ofMixl1 during the earliest phases of mouse
and human early development (Davis et al., 2008; Izumi et al.,
2007; Jackson et al., 2010; Mossman et al., 2005; Ng et al., 2005).
Some studies have taken advantage of ESCs in which the gene
encoding green ﬂuorescent protein (GFP) was targeted to one
Mixl1 allele (Mixl1GFP/w), thus allowing the identiﬁcation and
isolation of GFPþ (Mixl1þ or MIXL1þ) primitive streak-like
populations (Davis et al., 2008; Mossman et al., 2005; Ng et al.,
2005). Analyses of ﬂow cytometrically puriﬁed cell populations
demonstrated that Mixl1 expression marked precursors of meso-
derm and/or endoderm and thatMixl1þ cells also expressed other
primitive streak markers, including Brachyury and Gsc (Davis
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initial phase of differentiation Mixl1þ cells co-expressed E-cad-
herin, mirroring the entry of E-cadþ epiblast cells into the
primitive streak that occurs during embryogenesis. As differentia-
tion proceeded, down regulation of E-cad in the Mixl1þ popula-
tion was associated with induction of mesodermal markers such
as Flk in mESCs and platelet derived growth factor receptor a
(PDGFRa) in hESCs, consistent with an epithelial-to-mesenchyme
transition in which epiblast cells entered a primitive streak-like
state (Davis et al., 2008; Ng et al., 2005).
Mouse and human ESC differentiation experiments demon-
strated that Mixl1 expression marked early hematopoietic pro-
genitors and that mouse Mixl1 was required for normal
hematopoietic development. Flow cytometric sorting of differen-
tiating cultures revealed that the majority of ESC derived blast
colony forming cells (BL-CFCs), the earliest hematopoietic pro-
genitors, arose from a Mixl1þFlkþ population in mouse or a
MIXL1þPDGFRaþ population in human ESC (Davis et al., 2008;
Ng et al., 2005). Differentiating Mixl1-null ESCs displayed reduced
and delayed Flk1 expression and a decrease in the frequency of
BL-CFCs (Ng et al., 2005). While these experiments showed that
Mixl1 expression marked precursors of mesoderm, complemen-
tary studies used RNAi knockdown of Mixl1 expression to show
that suppression of Mixl1 down-regulated the expression of Gsc
and Sox17, two genes associated with progenitors of deﬁnitive
endoderm (Izumi et al., 2007).
ESC differentiation systems were used to examine the effect of
Mixl1 over-expression on mesendoderm formation. Using a dox-
ycycline (DOX) inducible Mixl1 transgene, Willey and colleagues
showed that ectopic induction ofMixl1 increased the frequency of
Flk1þc-kitþ hematopoietic progenitors observed in day 4 EBs
(Willey et al., 2006). In contrast, Lim and colleagues found that
EBs constitutively expressing Mixl1 (Mixl1C EBs) failed to generate
hematopoietic cells (Lim et al., 2009). In this system, Mixl1C EBs
expressed low levels of Flk1, contained no hematopoietic CFCs
and did not undergo overt hemoglobinization (Lim et al., 2009).
Instead, differentiating Mixl1C ESCs yielded a higher frequency of
FoxA2þE-Cadþ cells, suggesting that high level enforced Mixl1
expression promoted endoderm formation (Lim et al., 2009).
Consistent with this conclusion, forced expression of the chicken
Mixl1 homologue, CMIX, during mouse ESC differentiation,
induced the expression of several endodermal associated genes
including HNF3a, Ihh, GATA-4, GATA-6 and Sox17 (Shiraki et al.,
2005). To reconcile these differing observations, it is possible that
the level and duration of Mixl1 expression may inﬂuence the
allocation of cells between mesoderm and endoderm during the
differentiation of ESCs in vitro, with high levels of Mixl1 favoring
endoderm formation. As noted above, experiments in Xenopus
have shown that low-level ectopic expression of Bix1 induces
ventral mesoderm, whereas higher level of Bix1 favours endoderm
formation (Tada et al., 1998).Mix gene targets and gene regulatory networks
In order to understand how the Mix genes ultimately function
during development it will be necessary to identify their target
genes. To date Mix gene targets have been identiﬁed from
embryological studies in which the Mix genes have been mis-
expressed or deleted and by the analysis of the promoters of
candidate target genes for Mix DNA binding consensus sequences.
The best characterised gene targets that have emerged from these
experiments have been limited to those encoding the mesendo-
dermal associated transcription factors Xbra, Gsc and Sox17
(Danilov et al., 1998; Germain et al., 2000; Latinkic and Smith,
1999; Lim et al., 2009; Zhang et al., 2009).More recently, experiments focussed on identifying gene
targets of Mix that inﬂuence mesoderm and endoderm formation
have been reported. Pereira and colleagues used differentiating
heterozygous Mixl1þ /- and Mixl1-null mouse ESCs as an experi-
mental platform to identify genes that fall under the control of
Mixl1 during development (Pereira et al., 2012). Their study
identiﬁed a number of genes associated with mesoderm and
endoderm development that were likely to be direct and indirect
targets of Mixl1, including Flk1, Pdgfra, Gsc, Cxcr4, Sox17, Gata4
and Cerberus (Pereira et al., 2012). This study also identiﬁed a
broader compendium of mesoderm and endoderm genes inﬂu-
enced by Mixl1 over the course of ESC differentiation (Pereira
et al., 2012).
This data set will enable future Mixl1 functional studies that
will lead to the sophistication of the currently rudimentary gene
regulatory networks (GRN) that describe the role of the Mixl1
gene during mammalian endoderm and mesoderm formation
(Fig. 4). In particular the description of a GRN for mouse Mixl1
will represent a signiﬁcant advance, as prior GRNs described for
the Mix genes have been largely conﬁned to Xenopus using a
restricted set of indirect and direct gene targets identiﬁed in prior
embryological studies (Koide et al., 2005; Loose and Patient,
2004).
Indeed, the analysis of differentiating Mixl1þ /- and Mixl1-null
mouse ESCs has revealed a regulatory link between Mixl1 and the
related homeobox gene Gsc and the T-box factor, Brachyury, that
may be important for the formation of endoderm and mesoderm.
Whilst differentiating Mixl1þ /- ESCs co-expressed Mixl1, Brachy-
ury and Gsc, inMixl1-null ESCs the loss ofMixl1 resulted in a down
regulation in Gsc expression and the up-regulation of Brachyury
expression (Pereira et al., 2012). Notably, in independent experi-
ments by others, Mixl1 knockdown in differentiating ESC cultures
also resulted in an increase in the level of Brachyury expression,
whilst overexpression of Mixl1 suppressed Brachyury expression
(Izumi et al., 2007). These results are consistent with the
previously described observation, that Brachyury expression is
increased and prolonged in the expanded primitive streak of
Mixl1-null embryos (Hart et al., 2002).
The ability of Mixl1, Brachyury and Gsc to control the balance
between the formation of endoderm and mesoderm in mammals
probably involves a regulatory chain in which Mixl1 directly
binds and transactivates the Gsc promoter and Gsc subsequently
represses Brachyury (Fig. 4) (Pereira et al., 2012). Such a model
was ﬁrst proposed to explain analogous results in Xenopus in
which co-repression of Mix.1 and Xbra underpinned the partition-
ing of endoderm and mesoderm from the mesendodermal layer.
In this context, Mix.1 activated the repressor xGsc, which in turn
repressed Xbra, resulting in Xbra segregating with mesoderm and
Mix.1 segregating with endoderm (Artinger et al., 1997; Latinkic
and Smith, 1999; Latinkic et al., 1997). The relationship between
Mix and Gsc in the mouse is underscored by the presence of
consensus Mix DNA binding sites within the Gsc promoter that
mediate the direct transactivation of Gsc by Mix protein (Danilov
et al., 1998; Lim et al., 2009; Watabe et al., 1995; Zhang et al.,
2009).
In the case of the axolotl, evidence suggests a novel relation-
ship between AxMix and AxBra (Swiers et al., 2010). In contrast to
the Xenopus and mammalian Mix genes, Nodal-induced AxMix
expression preceded that of AxBra and the co-expression of both
genes was limited (Swiers et al., 2010). In AxMix knockdown
experiments, AxBra expression was lost and accompanied by
defects in mesoderm formation. In contrast, mesoderm induction
could be rescued by overexpression of AxBra in AxMix morphants
and the AxBra expression domain was expanded in response to
AxMix overexpression (Swiers et al., 2010). These ﬁndings were
used to support a two-step model for mesoderm formation, in
GscMixl1
Mixl1
Brachyury
Mixl1
Brachyury
Pdgfrα
Flk1
Cxcr4
Sox17
Cdh1
Brachyury
Primitive Streak
Mesoderm
Endoderm
Fig. 4. A simpliﬁed model of the Mixl1 genetic network controlling events surrounding primitive streak formation and the subsequent patterning of emerging
mesendoderm in the mouse. Mixl1 activates transcription of a number of genes involved in mesoderm and endoderm development including Pdgfra, Flk1 and Cxcr4
(Pereira et al., 2012) and Gsc, Sox17 and Cdh1 (E-cad) (Danilov et al., 1998; Izumi et al., 2007; Lim et al., 2009; Zhang et al., 2009). At least in the case of Gsc and Pdgfra, it has
been shown that Brachyury binds to promoter-bound Mixl1 to inhibit this function (Pereira et al., 2011). This is consistent with a negative feedback loop involving Mixl1
and Gsc that opposes Brachyury during mesendoderm differentiation. Dashed lines indicate that occupation of the promoter by Mixl1 has not yet been demonstrated.
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induce mesoderm (Swiers et al., 2010). However, these results
suggested that there may be signiﬁcant differences in the rela-
tionship between Mixl1, Brachyury and mesoderm formation in
axolotl and mammals.
The cross-regulation of expression of Mix and brachyury gene
homologues in zebraﬁsh is also complex, with similarities to both
the axolotl and the Xenopus models. Whilst overexpression of
mezzo induced endodermal sox32/cas and sox17 and repressed
mesodermal ntl, this was context and dose dependent, because
injection of mezzo RNA into presumptive ectoderm induced ntl.
This contrasted with the lack of mesoderm inducing ability
displayed by bon/mixer (Poulain and Lepage, 2002). As elaborated
above, mxtx2 could also induce mesoderm as well as endoderm,
synergising with maternal ndr1 to induce ntl (Hong et al.,
2011).
These species speciﬁc differences in germ layer regulation by
Mix family genes highlight the complexity of the gene regulatory
networks and indicate the need for future comparative embry-
ological and ESC experiments. Studies with human ESCs, will be
required to conﬁrm the extent to which elements of the Mix-
Brachyury-mesoderm pathway are conserved.Mix protein interaction partners
Given that Mix proteins are DNA binding factors, elucidation of
the mechanisms whereby they recognise their speciﬁc binding
sites remain fundamental questions. Furthermore, once bound,
how do the Mix proteins effect a transcriptional response? These
questions are not unique to Mix proteins but are relevant to many
proteins that regulate developmental processes. It is well estab-
lished that homeodomain transcriptional activity is regulated by
interactions with a diverse range of protein cofactors (Moens and
Selleri, 2006). Indeed the assembly of intricate transcription
factor complexes that contain protein–protein and protein-
DNA interactions is a hallmark of transcriptional regulation
(Levine and Tjian, 2003). Thus, like other homeodomain proteins
it is likely that the Mix proteins will use protein co-factors to co-
operatively bind their DNA target sequences in order to activate
and repress target genes. In addition, it is likely that once DNA-
bound, Mix will recruit co-activators, co-repressors and chroma-
tin remodelling complexes to execute transcriptional regulatory
programs. However, similar to the situation highlighted for Mix
target genes, only a limited number of Mix-co-factor interactions
have been described.
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target site speciﬁcity can be inﬂuenced by Gsc binding as a
homodimer or as a heterodimer with other paired class home-
odomain proteins on the TAAT/ATTA palindrome (Tucker and
Wisdom, 1999). Thus, by extension, the interaction of Mixl1 with
other co-expressed paired class homeodomains may modulate
DNA binding activity and transcriptional function. Indeed, Xeno-
pus Mix.1 can form a co-operative heterodimer with Gsc on a P3
recognition sequence (Mead et al., 1998; Wilson et al., 1993) and
recently mouse Mixl has been shown to physically associate with
Gsc (Pereira et al., 2011).
Mix factors were shown to physically and functionally interact
with the Xenopus-speciﬁc paired homeodomain transcription
factor Siamois during frog development (Lemaire et al., 1998;
Luu et al., 2008; Wilson et al., 1996; Yamamoto et al., 2003). Mix.1
and Siamois cooperated with the homeodomain proteins, Xlim-1
or Xotx2, through multiple TAAT elements to activate the cerberus
promoter (Yamamoto et al., 2003). Since Siamois is speciﬁc to
Xenopus with no homologues described in higher vertebrates, the
interaction of Siamois with Mix.1 may be unique to Xenopus
(Hellsten et al., 2010).
The regulatory link between Mixl1 and Brachyury raised an
important question as to whether a direct physical interaction
between these proteins also underpinned their regulation of
mesoderm and endoderm formation. Recent experiments have
conﬁrmed that Mixl1 and Brachyury do interact, via their DNA
binding domains (Pereira et al., 2011). Furthermore, this associa-
tion was shown to extend beyond Brachyury to include several
related members of the T-box (Tbx) family of transcription factors
including Eomesodermin and Tbx6 (Pereira et al., 2011). Reporter
gene experiments showed that the association of Brachyury with
Mixl1 inhibited the transactivation of two of its target gene
promoters, Gsc and Pdgfra. Moreover, the observation that the
interaction could occur with the mouse, human and Xenopus
forms of these proteins, suggested that this functional relation-
ship is conserved in a range of vertebrate species (Pereira et al.,
2011). These ﬁndings have provided novel insights into how
Mixl1 activity is regulated by cofactor interactions and suggest
a more complex relationship between Mixl1 and Brachyury and
Eomesodermin beyond the current models of cross regulation of
gene expression. Furthermore, these observations raise the ques-
tion of what is the function of the Mixl1-Tbx complexes during
early development? One interesting possibility is that the tem-
poral and/or spatial expression of Tbx factors during development
might modulate the composition of of Mixl-Tbx complexes and
thus inﬂuence Mix gene transcriptional activity.Conclusion and prospects
A more complete understanding of the role of the Mix genes in
development will depend on a deeper understanding of how
these transcription factors bind DNA, and how DNA bound Mix
factors, together with their co-factors and collaborators, assemble
and regulate transcription during development.
We envisage that large-scale, high throughput, genomic and
proteomic approaches will be required to develop a detailed
picture of Mix transcriptional function during development.
Genome wide transcription factor localisation studies (ChIP-seq
and ChIP-chip) (Chambers and Tomlinson, 2009; Gilchrist et al.,
2009; Park, 2009) and DNA sequence speciﬁcity screens such as
those using the bacterial one-hybrid system or protein binding
microarrays (Berger et al., 2008; Noyes et al., 2008), will provide
comprehensive surveys of Mix target genes and DNA binding
preferences. Given that the range of potential Mix cofactor
interactions regulating Mix function is extensive, their detailedcataloguing and analysis will need to be realised by the applica-
tion of mass spectrometry-based approaches designed for the
identiﬁcation protein–protein interactions (Aebersold and Mann,
2003; Selbach and Mann, 2006). Proteomic strategies will also be
central to identifying the nature and inﬂuence of covalent
modiﬁcations that inﬂuence Mix protein activity. The utility of
these approaches will be enhanced by the availability of highly
speciﬁc anti-Mix antibodies that can generate immunoprecipi-
tated chromatin for genomic studies and isolate Mix–protein
assemblies from complex mixtures of protein lysates (Mossman
et al., 2005; Pereira et al., 2011).
Central to the feasibility of genomic and proteomic approaches
will be the availability of cellular material, analogous to gastrula-
tion stage embryos, particularly in the case of human MIXL1
where the events surrounding human germ layer development
are the most uncertain (Davis et al., 2008). In vitro ESC reporter
systems offer a unique and accessible model of mammalian
development that greatly facilitate the recovery of viable sorted
populations of primitive streak-like cells in real time (Davis et al.,
2008; Izumi et al., 2007; Keller, 2005; Ng et al., 2005; Pereira
et al., 2012) thus providing access to large amounts of material
representing previously inaccessible stages of early mouse and
human development. In addition, there is a strong correspon-
dence between the differentiation pathways used by ESCs in vitro
and the developmental pathways used by cells during early
embryogenesis (Hirst et al., 2006; Jackson et al., 2010; Keller,
2005; Smith et al., 2007). The signalling pathways and factors that
induce and pattern differentiating ESCs also mirror that observed
in the embryo (Jackson et al., 2010). Thus, differentiating
ESCs offer a unique and reliable model to study induction of
mesendoderm.
A marriage between ESC differentiation systems and genomic
and proteomic methodologies will provide a powerful system for
the transcriptional study of Mix under various signalling condi-
tions. For example, comparing Mix binding sites and interaction
partners during ESC differentiation under Nodal/activin stimula-
tory conditions, to those present under Bmp4 or Wnt3a stimula-
tory conditions will provide a detailed level of understanding on
the role of Mix genes in interpreting these signals and how this
translates into the decision to form either endoderm or meso-
derm. The information gathered from theses studies will also
provide an important resource for the development of more
intricate GRNs representing the subtle interactions between Mix
factors, their target genes and co-factors and the signaling events
involved in germ layer formation in the gastrulating embryo.
While these approaches will provide insight into the function
of the mammalian Mix genes, it is important to consider that as
models of development the Xenopus and axolotl systems will
also be valuable for high throughput genomic and proteomic
approaches. The sequence of the Xenopus tropicalis genome is
available (Hellsten et al., 2010) and amphibian systems allow the
cultivation of large amount of embryonic material for genome and
proteome wide studies under Nodal/activin, bmp or wnt stimu-
latory conditions. Recent studies have also made ChIP procedures
amenable to Xenopus embryos (Blythe et al., 2009). Moreover,
Xenopus can be readily manipulated by gain-of-function and
loss-of-function analyses that in combination with biochemical
approaches will allow for the validation of data obtained from
genome and proteome wide studies.
In this review we have summarized a wide range of experi-
ments from the past two decades that have examined the role and
mechanism of action of the Mix genes in vertebrate development.
It is likely that most members of the Mix family, if not all, have
been identiﬁed in vertebrates and they are uniﬁed by their critical
role in the speciﬁcation and formation of mesoderm and endo-
derm germ layers in response to upstream Nodal and Bmp4
L.A. Pereira et al. / Developmental Biology 367 (2012) 163–177 175signalling pathways. Genomic and proteomic approaches in con-
junction with ESC technologies will be essential for providing
further insight into Mix function. We expect that in the years to
come these approaches will uncover novel functions for the Mix
genes that deepen our appreciation of these genes as key
regulators of gastrulation, arguably the most important stage of
vertebrate development (Wolpert, 1991).Acknowledgements
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